Selective laser melting (SLM) is a mature method in the fabrication of structures bearing static loading and small strains; however, structures experiencing large deformation under impact loading remains an issue. In this paper, the author fabricates a 316L stainless steel thin-walled circular tube with preset internal circumferential rectangular groove defects using the SLM method. MTS compression and Split Hopkinson Pressure Bar tests are performed to judge the material behavior of SLM printed 316L stainless steel, and Johnson-Cook constitutive model parameters are fitted from the results. The crushing behavior of the SLM printed tube is studied experimentally and numerically via the drop hammer test and the finite element analysis. There are two stages of the crushing process of the tube as the results show: the buckling stage and the splitting stage. The internal grooves have effects on controlling the initial buckling position and fracture position during the buckling stage. The double buckling-splitting crushing mode in one simple structure, provides a new energy absorption approach for engineering application.
Introduction
3D printing, as a rapidly emerging additive manufacturing process, can fabricate complex structural components efficiently with a high precision and low cost [1, 2] . For conventional metals, such as 316L stainless steel and Ti alloy, selective laser melting (SLM) is recognized as the best method to fabricate large-size arbitrary structures among the numerous 3D printing technologies [2, 3] . As the printed structure is often used as a "support component", the microstructure, structural strength and fatigue behavior have recently received a great deal of attention [4] [5] [6] . As a realization of the advantage of fabrication by SLM 3D printing method, design and optimization for light weight, porous or lattice structures have received a lot of attention recently [6] [7] [8] [9] . Challis et al. [6] developed two types of Ti6Al4V open-cell structures by topology optimization and gyroid labyrinth design, fabrication was done by SLM method. The stiffness and specific strength of the two types of structures have been compared using experimental and numerical methods. Yan et al. [7] studied the manufacturability and performance of stainless steel cellular lattice structures with different volume fraction and fabrication orientations, compression tests show that structural yield strength and Young's moduli have increasing trend with the volume fraction.
Further, in large deformation area, many authors studied the crushing behavior of SLM printed lattice structures with different cell types and sizes [10] [11] [12] [13] [14] . Mckown et al. [10] performed quasi-static compression tests and blast tests for the metallic lattice structures with different cells, failure buckling modes of different structures and strain rate sensitivity were observed. Smith et al. [13] developed finite element models to predict the compressive behavior of the lattice structures, the numerical model can predict the stress-strain curve and crushing mode well with the experimental results. Structural optimization has been done numerically and theoretically, showing the stiffness, yield strength and energy absorption can be improved by reducing the unit cell aspect ratio. Yang et al. [15] fabricated brass tubes with and without origami patterns using 3D printing and the origami patterns can significantly reduce the initial peak force, while the energy absorption capacity could be improved or maintained. However, the high strain rate deformation and fracture behaviors when bearing impact loading of SLM printed thin-walled structures, such as thinwalled circular tubes, lack systematic experimental and numerical results.
Thin-walled metal tube may be the most commonly used "impact energy-absorbing component" in engineering applications. There are many findings and progress in this area over the past decades, as described in detail in the review articles and books [16] [17] [18] [19] . Thinwalled metal tubes can deform through different modes according to different loading and boundary conditions. For axial loading conditions, the tubes mainly deform through axial crushing mode [20] [21] [22] [23] [24] [25] [26] , inversion mode [27] [28] [29] [30] [31] [32] [33] and splitting mode [34] [35] [36] [37] [38] [39] . Axial crushing mode shows high specific energy absorption, high stroke efficiency and stable progressive buckling behavior, becoming one of the most efficient and widely used modes. A shaped die or clamp is often needed in inversion and splitting modes to initiate and retain the process. These two modes can respond relatively flat force-displacement curves, but demands rigorous external loading conditions. For lateral loading conditions, the deformation modes mainly include lateral compression mode [40] [41] [42] [43] [44] [45] and lateral indentation mode [45] [46] [47] [48] . The lateral modes have low compression displacement and smooth force-deflection responses, showing advantage to use in relatively narrow energyabsorbing space than the axial crushing mode.
When designing and evaluating an energy-absorbing tube for a specific loading condition, the tube geometry and material properties must be carefully considered. In terms of geometry, various defects and/or ribs are often preset along the tube to adjust the energyabsorbing process [49, 50] . Wei et al. [51] systematically studied the axial buckling behavior of thin-walled circular tubes with preset gradient rectangular grooves, the crushing force process, buckling position and sequence can be proactively predicted and regulated, free-fall impact experiments show that gradient grooved tube (GGT) has a better stability than perfect tube when used as an energy absorber to protect the graphite in nuclear reactor from slender control rod impact. Compared with machining the defects on tube via milling, turning, or welding by a secondary process, it is more suitable to print the tube by SLM 3D printing to improve the accuracy and simplify the fabrication procedure. Furthermore, preset internal defects inside the tube wall can be easily fabricated by 3D printing while it is quite difficult for the conventional processing technology. The defects preset inside the tube wall are expected to function as the grooves outside the tube wall as Wei et al.'s work [51] , at the same time the internal defects would not affect the original outward appearance of the structure, benefiting to the assembly and application of the structure.
However, in terms of materials, the low toughness of printed metals could negatively affect the energy-absorbing process. Researchers have found that the yield strength of SLM printed 316L stainless steel is significantly improved but that the elongation (ductility) is obviously decreased compared with the cast or wrought fabrication methods [52, 53] . The static stretch limit for SLM printed 316L stainless steel (10-27%) is far less than the wrought 316L stainless steel (40-50%). When the SLM printed structure bears axial loading, the brittle character of the material tends to induce fracture of the structure. For example, the SLM printed TiAl6V4 lattice structure fractures when the macroscopic strain reaches 20% due to the low ductility (~10%) of the material [14] . For the buckling mode of the SLM printed thinwalled tube, the plastic hinges may not bend into a complete fold before it fractures because of the material brittleness. Thus, the energy absorbing capacity cannot be predicted by the traditional theory based on the formation of plastic hinges, such as Alexander's model [54] . In this case, numerical prediction of the crushing behavior appears to be particularly important for such SLM printed structures. Meanwhile, when bearing dynamic loads, the strain rate that the structure experienced has a temporal-spatial distribution, that is, the forcedisplacement curve will be more complicated if the tube is printed using strain-rate sensitive materials. Thus, the material constitutive model and parameters, which directly determine the buckling process of printed tubes, need to be carefully considered in numerical models to simulate the effects of strain rate hardening, strain hardening and material failure. However, there are few literature reports regarding the high strain rate properties of SLM printed 316L stainless steel.
In this work, a thin-walled circular tube with preset internal circumferential rectangular grooves are designed and fabricated by SLM 3D printing with 316L stainless steel powder. The impact crushing behavior of the tube is experimentally studied using a 180-kg drop hammer at a speed of 7.4 m/s. The tube showed a good energyabsorbing capacity with a relative stable crushing force curve under axial dynamic loading, buckling-splitting behavior has been observed in the process. Finite element analysis is performed to predict and evaluate the buckling-splitting behavior. The Johnson-Cook constitutive model [55] is used to reflect the effect of strain rate hardening, strain hardening and material failure of the SLM printed stainless steel. Good agreement was found regarding the energy-absorbing capacity, crushing force curve, and buckling-splitting behavior between the experimental and numerical results. Fig. 1 shows the design diagram of a thin-walled circular tube with internal circumferential rectangular grooves. The geometric parameters for the tube are: tube length L, Diameter D, and wall thickness h. The defect parameters are as follows: W is the width of the grooves, H is the length between grooves, h 0 is the initial depth of the groove, and t is the depth variation parameter.
Design and preparation of the specimen
The external dimensions of the thin-walled tube that we chose are L=70 mm, D=52 mm, h=2 mm. The geometry and arrangement of the grooves are designed in accordance with three non-dimensional parameters [51] : the non-dimensional initial depth of the internal groove (h 0 /h) controls the local buckling stability of the first groove region; the non-dimensional width of the internal groove (W/(h +h) 0 ) determines the folding space to avoid squeezing of bending beams each other; and the non-dimensional half wavelength ((H+W-h)/ Dh ) is the ratio of the artificial half wavelength to the inherent half wavelength, where Dh represents the inherent half wavelength [54, 56] , and H+W-h is the artificial half wavelength that we hope to control during the buckling process.
The non-dimensional defect parameters in this experiment are chosen as h 0 /h=0.3, W/(h +h)= π 0 2
, (H+W-h)/ Dh =1 to maintain the initial buckling stability and regulate the crushing mode and process. So, being in accordance with the tube geometry and non-dimensional defect parameters, the defect parameters are W=4 mm, H=8 mm, h 0 =0.6 mm. The depth variation t is set as 0.1 mm, so the groove depths in the two ends are 0.6 mm and 0.1 mm. As shown in Fig. 1 , there are five internal grooves along the tube in this model.
To study the quasi-static and dynamic material behavior of SLM printed 316L stainless steel, φ6mm*10 mm and φ10 mm*10 mm cylindrical specimens are fabricated using the same process and The chemical composition of 316L powder is shown in Table 1 . The SLM printed thin-walled circular tube specimen is shown in Fig. 2 . The integrity of the printed material is higher than 99%, and the mass of the tube is approximately 180 g.
Material behavior
The quasi-static and dynamic compression property of SLM printed specimens are measured using MTS 810 Material Test System and Split Hopkinson Pressure Bar (SHPB) respectively (Fig. 3) . The cylindrical specimen size for quasi-static test is φ6 mm*10 mm, and for dynamic test is φ10 mm*10 mm. The quasi-static compression test is performed under the compression speed 0.01 mm/s, corresponding strain rate is 0.001 s −1 , and the true quasi-static stress-strain is shown in Fig. 4 . The input bar and transmission bar of the SHPB are both composed of AISI 1045 steel with a 16-mm-diameter and 1200-mm-length. The projectile has a 16-mm-diameter and 300-mm-length, the velocity of the projectile is about 21 m/s, which is precisely controlled by a gas gun (chosen gas pressure is about 0.3 MPa) to obtain an average strain rate of approximately 600 s , which corresponds with values that materials could experience in the buckling process. All of the experiments were performed at room temperature 300 K.
An empirical Johnson-Cook constitutive model [55] is used here to reflect the strain hardening and strain rate hardening effects of metal materials. The high temperature soften effect is not considered here, so the plastic flow stress can be simplified as Eq. (1):
where ε is the equivalent plastic strain and ε̇=ε/ε* 0 is the dimensionless plastic strain rate for ε0=1 s −1
. The expression in the first bracket gives the stress as a function of strain for strain rate ε*=1. The expression in the second bracket represents the effects of the strain rate.
The value of the constitutive parameters A, B, n and C are derived from the fitting results of the quasi-static and dynamic stress-strain curves, as shown in Fig. 4 , where A=380 MPa, B=825 MPa, n=0.726 and C=0.115.
Experimental setup
The drop hammer experiment was performed using a 180-kg mass block, as shown in Fig. 5 . The hammer was dropped from a height of 2.8 m; via gravity acceleration, it reached a velocity V ≈7.4 m/s before impacting the tube specimen. The buckling process was captured by a high-speed camera with the mode of 20,000 fps at a resolution of 320×768 pixels. Two 200-W LEDs were used as the light source to supply adequate luminous flux for the high-speed camera. The drop hammer displacement and velocity were obtained by the two-dimensional digital image correlation (2D DIC) method using the images captured by the high-speed camera. A rectangular speckled band on the drop hammer was set as tracing area, as shown in Fig. 6 , on a plane parallel to the CCD sensor during the crushing process. The rectangle length (100 mm) was used as the reference to calibrate the real distance in the images. The transient crushing force is measured by a pressure sensor assembly located and fixed at the bottom of the back plate. The piezoelectric coefficient of pressure sensor was 30449 N/V, as calibrated by a material testing system.
As shown in Fig. 5 , the bottom of the tube is inserted into the slot of the back plate with 3 mm, the back plate is fixed with the force sensor through threaded connection. The force sensor is inserted into the groove of the "back plate of force sensor", which is fixed with the drop hammer frame with bolts.
Numerical model
A finite element analysis model has been established by Abaqus/ Explicit code to simulate the crushing behavior of the SLM printed 316L stainless steel tube. As shown in Fig. 7 , four parts are defined in this model: the impactor, the thin-walled tube with internal grooves, the base and the rigid wall. The impactor and the rigid wall are set as analytical rigid body, the impactor has a mass of 180 kg and initial axial velocity of 7.4 m/s, with all other freedoms fixed. The rigid wall is fixed for all degrees of freedom to model the ground. The tube-base and base-rigid wall contacts are both set as "tied".
The tube and base are both discretized with 8 node hexahedral elements. The tube is modeled with approximately 200 elements in the longitudinal direction, 80 elements in the circumferential direction and approximately 6 elements through the shell thickness. The base -rigid wall and the tube -base contacts are set as "tied", while all of the others are set as "general contact". The base is modeled as an elastic body to acquire an accurate reaction force, which represents the crushing force of the tube. The plastic behavior of the tube is simulated by JohnsonCook constitutive model, the model parameters A, B, n and C are the fitted parameters in Section 2.
To simulate the fracture characteristics during the crushing process, the Johnson-Cook damage initiation model is chosen; this model considers the strain, strain rate and temperature effects on the damage initiation strain, which is expressed as Eq. (2) [55] . When equivalent plastic strain reaches the damage initiation plastic strain ε pl 0 , the stressstrain curve reaches its peak and after which the material stiffness [1] [2] [3] [4] [5] [6] [7] [8] starts to degrade, as shown in Fig. 8 .
In Eq. (2), D1-D5 are damage parameters, and the second and third brackets consider the strain rate effect and temperature effect, respectively. is the stress triaxility, which refers to hydrostatic pressure to Mises equivalent stress. The damage initiation parameter D1 is set as 0.2 (D2-D5 are set as zero), stress triaxiality effect, strain rate effect and temperature effect are not considered here.
The damage evolution criterion (shown in Fig. 8 ), which describes the degradation of the material stiffness and the element failure and removal after damage initiation, was chosen as the "linear displacement criterion". The stiffness decreases linearly after damage initiation until the failure of element when the effective plastic displacement of the element reaches the failure value of u f pl =0.025. Before damage initiation, u̇=0 pl , and after damage initiation, the effective displacement u pl is defined with the evolution equation u Lε =ṗ l pl , where L is the characteristic length of the element and ε̇p l is the plastic strain rate of the element. The detailed explanation of damage initiation and the damage evolution criteria can be found in Abaqus user's manual [57] . The material parameters used in the model are listed in Table 2 .
In The maximum displacement reaches 60 mm when tube compaction occurs, that is, the stroke efficiency of the SLM printed tube is approximately 85.7%, higher than the classical tube folding (70-80%) and tube splitting (about 80%) [58] . This high stroke efficiency is a result of the mixture mode of buckling and splitting, the upper buckled section fractures and inserts into the cavity of the lower undeformed section. This fractured section performs as a shaped die to initiate the following splitting process [34] [35] [36] [37] [38] [39] . Then, the lower section experiences a splitting process with the expansion and splitting of the tube wall. This whole process will be illustrated in detail in the following paragraphs. Fig. 10 shows the experimental and numerical results of the crushing process of the SLM 3D printed tube. Fig. 11 shows the crushing force-displacement curve of the tube: this curve has two peaks in the first stage (buckling stage) and two peaks in the second stage (splitting stage). The first stage is a typical buckling process, having force-displacement curve with force peaks and valleys [17, 56] , each peak in this stage corresponds to a fold formation, and each valley corresponds to the fracture of the fold region. The second stage is a splitting process, having a long stroke and a steady crushing force [34, 36] .
As shown in Fig. 10 -Image (2), the first axisymmetric fold initiates at the first internal groove region, as the first internal groove has the 
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Thin-Walled Structures 111 (2017) [1] [2] [3] [4] [5] [6] [7] [8] deepest defect, performing as a trigger [26, 50, 59, 60] . The first internal groove can control the buckling position and buckling mode, which is the same as we predict according to the "proactive regulation theory by gradient grooves" in our previous work [51] . However, the first fold cannot be fully bent into a complete fold before fracture occurs in the groove region along the whole circumferential hoop, as shown in Fig. 10-Image (3) . This fracture phenomenon differs from the typical progressive buckling behavior of the thin-walled metal tube [16, 17, 20, 25] , as the SLM printed material brittleness character plays a key role. Then, the top fractured region slides down into the cavity of the bottom tube before the hammer accesses the bottom tube structure. The crushing force in Fig. 11 drops from the peak (2) to valleys (4) and (5) during the first fold fracture and sliding process. Valley (4) is about zero as the complete fracture of the first fold. The second fold starts to form when the hammer accesses the tube again, as shown in Image (6), corresponding to force peak (6); the fold bends in the second groove region before the fracture occurs; and then, the second fractured ring slides down together with the first ring into the cavity of the tube. The force decreases from the peak (6) to the valley (7), and then, the buckling stage starts to transform to the splitting stage as the two fold rings, performing as a "shaped die" [34] [35] [36] 39] , expand the tube wall to a cracking limit.
The hammer compresses the "shaped die" downward into the undeformed tube continuously to promote the splitting process. Longitudinal cracks initiate and develop along the tube length in the splitting process (Images (10)- (14)), the same as typical splitting process [34] [35] [36] [37] [38] [39] . The force peaks in the splitting stage are relatively lower than the buckling stage; however, there is no sudden drop of the force as the splitting and the curling process is more stable than the buckling and circumferential fractures in the buckling stage. The flat force character of the splitting mode compared with the oscillation character of the buckling mode was first analyzed by Reddy and Reid [34] , they found the main advantage of the splitting mode: long stroke and steady crushing force. As this SLM printed tube can experience the two modes during the crushing process, both the advantages of the two modes can be taken in one structure. The tube is completely compacted in Image (14) , the final crush morphology of the experimental and numerical results are shown in Images (15) and (16) in Fig. 10 .
As the results show, the internal grooves can affect the buckling and fracture positions during the buckling stage, but have little effect on the splitting position during the splitting stage. In contrast to the ideal dynamic progressive buckling process regulated by gradient grooves in the wrought steel tubes [51] , the SLM printed material brittleness plays an important role in the crushing process of the printed tube. In the buckling stage, the two folds both initiate on the location of the internal grooves, but due to the brittleness of the material, the incomplete folds fracture on the location of the grooves and slide downward into the cavity of the tube. In the splitting stage, as radial cracks form and the splitting and curling of the tube wall develop along the tube length, the internal grooves do not play a major role.
The deepest internal groove (on the top) can initiate the buckling process and control the first force peak to 150 kN, as shown in the experimental results. The energy absorption curve is shown in Fig. 12 . The total energy absorption and displacement before compaction of the tube are approximately 4500 J and 55 mm respectively, and the energy absorbed per length (the mean crushing force) is 81 kN. The ratio of the peak force and the mean force is 1.85, lower than that of the typical perfect tube [61] , revealing the trigger effect of the first internal groove.
The specific energy absorption (SEA) of this printed tube is 25 kJ/ kg, which is slightly lower than typical perfect crushing tube (30 kJ/kg) and typical splitting and curling tube (45 kJ/kg) [58] . As Fig. 12 shows, the energy absorption of the buckling stage and splitting stage are approximately 1500 J and 3000 J respectively, and the displacement of the two stages are 21 mm and 34 mm respectively. The average crushing force for the two stages are 71 kN and 88 kN respectively. So in this tube, the splitting process absorbs more energy and performs more efficient than the buckling process, because the buckling folds are not complete before fracture. Overall, the buckling-splitting crushing mode of the SLM printed tube, as a double stage mode in one simple structure, with a high stroke efficiency, provides a new energy absorption approach for engineering application. [1] [2] [3] [4] [5] [6] [7] [8] performed to study the crushing behavior of the SLM printed 316L stainless steel tube with internal defects. The buckling-splitting behavior is obtained from the experimental and numerical results. The internal grooves can control the initial buckling position and structure fracture position during the buckling stage. 3. The experimental and numerical force-displacement curves can reflect the buckling-splitting process. The ratio of the peak force and the mean force is lower than that of the typical perfect tube as the groove triggering effect. The long stroke efficiency is an advantage of this special buckling-splitting mode. The energy absorption capacity and efficiency of the splitting stage is higher than the buckling stage. The buckling-splitting crushing mode of the SLM printed tube, as a double stage mode in one simple structure, with a high stroke efficiency, provides a new energy absorption approach for engineering application. 
